Abstract: me lowest-order smatl slope approximation (SSA) for rough surface scattering combines reasonable prediction accuracy with modest numerical complexity.~is is illustrated by comparison with exact numerical results for 1-D surfaces with power-law roughness spectra for both Dirichlet and two-fluid boundary conditions.
There are a variety of numerical methods for computing wave scattering from rough surfaces, some physically exact and others highly accurate within restricted regimes. Our interest here, however, is in scattering theory that can be used to obtain formally averaged results such as the bistatic scattering cross section, which is based on the average scattered intensity, a second moment of the scattered field. No tractable theory has been developed for arbitrarily rough surfaces so that some restriction on the allowable class of surface roughness must be made for any theory to apply. As its name indicates the SSA applies to surfaces with slopes that are small in some sense (1, 3) , but with surface heights that are unrestricted in comparison to the wavelength. Fortunately, many natural surfaces, such as the sea surface and, for many locations, the seafloor satisfy the requirement of small rrns surface slope, and the SSA can be expected to have wide applicability. In fact, for rough surfaces with unrestricted heights in comparison to the wavelength, it appears to be a necess~condition that the rrns surface slope be small for the Krchhoff approximation to apply near the specular direction and for the small perturbation method to apply far from the specular direction. me SSA has several desirable properties (1) (2) (3) (4) . It is formulated in a systematic series and improved accuracy can be achieved by retaining more terms in the series. It is manifestly reciprocal at each order and, at low orders, is sufficiently tractable that the scattering cross section can be obtained through formal averaging. It reduces to the perturbation and Krchhoff approximations when they are accurate. For 1-D surfaces with Gaussian roughness spectra, comparisons with exact integral equation results have been made using the first three terms of the cross section series (3), and excellent convergence to the numerical results is observed up to rms slope angles of about 30 degrees.
For a scattering model to be practical, however, the computational requirements for implementing it cannot be too great. For the case of the SSA cross section series, use of the first three terms requires up to 2N-fold integration, where N = 2 for the 2-D rough surfaces found in nature (the full 3-D scattering problem), and where N =1 for 1-D rough surfaces (the 2-D scattering problem) studied in Refs. (1,3) . Since a 4-fold integration is beyond what would normally be considered appropriate for a practical scattering model, we consider here use ofjust the first term in the cross section series. This leads to an N-fold integration requirement, that is, evaluation of a double integral is required for a general 2-D rough surface, the same as for the firchhoff approximation. In fact, the integral to be evaluated is identical to the Krchhoff integral.
THE LOWEST-ORDER SMALL SLOPE APPROXIMATION
We begin by considering scattering from rough 2-D surfaces subject to the Dirichlet (zero field) boundary condition, and make the usual assumptions of Gaussian surface statistics with translational invariance. The mean plane of the rough surface is in the horizontal (x-y) plane. The bistatic scattering strength is given by 10log u with a the bistatic scattering cross section. For the lowest-order SSA
where N is as defined above, ki and k~are the incident and scattered wave vectors, respectively, with magnitude k, v = ki -k~,V is the horizontal component of v, R is a position vector in the horizontal plane, and C(R) is the surface correlation function normalized so that C(O) = 1 and given by h2C(R) = <flRo)fiR+Ro)>, where flR) is the rough surface profile, <...> denotes ensemble average, and h2 is the mean square surface height. For the 1-D surface, all ycomponents in these expressions are suppressed, and the 2-D integral over the x-y plane becomes a 1-D integral over x.
It is straightforward to show that~~~A = a2 On, where Ua is the firchhoff approximation (~) scattering cross section, and where a = 2k~zkiz/(ki v). The factor of az is unity in the specular direction and thus the lowest-order SSA reduces to the~near specular. On the other hand, for kh e< 1 for all angles or near grazing for arbitrary M,~~A reduces to the lowest-order perturbation result, regions where the latter is accurate. The factor of az therefore provides a natural transition from the region in which W is accurate to the region in which lowest-order perturbation theory is accurate. The result is that for surfaces with small slopes even the lowest-order SSA has sufficient accuracy over a wide range of conditions to be useful for many practical purposes.
The accuracy of the lowest-order SSA for acoustic sea surface scattering is illustrated through comparisons with exact integral equation results for scattering from 1-D surfaces with a Pierson-Moskowitz roughness spectrum. The lowest-order SSA is found to be reasonably accurate for surfaces with power-law roughness spectra of this type. The SSA can also be developed for the more general case of a two-fluid rough interface, a boundary condition often used to model acoustic scattering from sediments. Comparisons of lowest-order SSA and integral equation results are presented for this case also, again using power-law roughness spectra, and reasonable SSA accuracy is obtained.
